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Figure 2.2 : (a) Load-deflection curves of typical loading and unloading path for the 
contact region. (b) Force-time plot corresponding to (a). After [9]. 
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Figure 2.5: Diamond-lobe buckling mode. Here specimen (a) has a3 diamond-lobe 
collapse mode and (b) has a2 diamond-lobe collapse mode [28]. 
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Figure 2.10: The geometric relationships for diamond collapse modes of PVC tubes as 
described in [27]. 
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mode. [28]. 
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Figure 2.12 : Formation of horizontal hinges in Johnson et. al. theory. The radius `r' is 
obtained by minimum energy principle [27]. 
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Figure 2.13: Static axial crushing load versus axial displacement for a square tube of 
side 49.3mm, wall thickness 1.63mmn and tube height 244.1mm [321. 
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Figure 2.14 : Load-deflection characteristics for a single tube crushed transversely [5]. 
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Figure 2.15: Load-deflection characteristics for three layers of crossed tubes crushed 
transversely [5]. 
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Figure 2.16: An externally inverted tube [5]. 
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Figure 2.17 : Typical load-deflection characteristics for a tube inverted externally [5]. 
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Figure 2.18 :A `W' frame changing compression into bending [5]. 
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Figure 2.19: Typical load-deflection characteristics for a `W' frame [5]. 
Figure 2.20: Pulling a wire plastically through four fixed rollers [5]. 
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Figure 2.21 : Schematic diagram of a metal skinning device [2]. 
Figure 2.22: Motor coach models. (a) was the original model, (b) was crushed quasi- 
statically and (c) was impacted dynamically. [30]. 
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Figure 2.23 : The square tube on the left suffered dynamic crumpling, and the one on 
the right was crushed quasi-statically [41]. 
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Figure 2.24: Range of strain rates that are of practical interest [5]. 
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Figure 2.25a . The distribution of past BR accident fatalities according to the type of 
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Figure 2.25b : The distribution of past BR accident serious injuries according to the 
type of collisions [47]. 
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Figure 2.28a: The load-deflection characteristics of the crashworthy coach end- 
structure as mentioned in reference [50]. 
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Figure 2.28b : The prototype of the crashworthy coach end-structure as mentioned in 
reference [50]. 
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Figure 2.29b : The corresponding load-deflection characteristics of the crashworthy 
coach end-structure used in ORE collision test [50]. 
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Figure 2.30: Velocity-time graph showing the concept of energy absorption through 
sequential collisions along the train [52]. 
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used in Reference [58]. 
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Figure 2.32: Unrestrained occupant experiencing a secondary collision [60]. 
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Figure 2.33: Probability of fatalities as a function of HIC [60]. 
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Figure 2.34 : Various type of energy absorbing couplers [61]. 
Figure 2.35: A rake of coaches fitted with crashworthy end-structures in pre-test 
condition [49]. 
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Figure 2.38 : Frontal deceleration versus duration threshold from experimental data. 
[68]. 
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Figure 2.39: The extension bending mechanism, commonly caused by a low level seat 
back to a backward facing occupant [65]. 
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Figure 2.41a : The pre-test position of a forward facing dummy in open-bay seats [75]. 
Figure 2.41b : The post-test position of the forward facing dummy in open-bay seats 
[75]. 
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Figure 2.43 : The `safe' space envelope for mounting a fold-down table at the rear of a 
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Figure 3.1 : The load-deflection characteristic of a steel crashworthy vehicle end 
structure designed for a 35tonne coach. 
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Figure 3.3a : The load-deflection characteristic of the crashworthy coach end-structure 
as mentioned in reference [2]. 
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Figure 3.3b : The prototype of the crashworthy coach end-structure as mentioned in 
reference [2]. 
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Figure 3.4a : Bar-spring model 
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Figure 3.5 : The velocity-time history for the bar-spring & mass-spring models. 
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Figure 3.6a : The acceleration-time history for the bar-spring & mass-spring models. 
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Figure 3.6b : The filtered acceleration-time history for the bar-spring & mass-spring 
models. 
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Figure 3.8: The energy-time history for the bar-spring model. 
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Figure 3.9a : Initial seating position of the occupants. 
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Figure 3.9b : The animation sequence for both dummy models. 
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Figure 3.10: The deceleration-time history for the striking occupants' head. 
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Figure 3.11 : The deceleration-time history for the struck occupants' head. 
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for the struck occupants. 
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Figure 3.14 : The baseline model used for the parametric study. 
4 
3 
ýZ s 
------ Ný -------------- 
Passenger compartment collapse 
at 4MN over 24m 
Vehicle end crush zone 
collapse at 2MN over 1.06m. 
Stiffness = 75MNnn 
`Pc=2MN 
Stiffness = 75MNan 
1 
Interface energy dissipative capacity 
=2.12MJ 
0 
0 0.5 1.0 1.5 2.0 2.5 
Deflection (m) 
Figure 3.15 : The load-deflection characteristic for the baseline spring. 
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Figure 3.19 : The effects of friction on the dissipated energy. 
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Figure 3.20 : The effects of initial velocity on the spring dissipative power. 
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Figure 3.21 : The effects of coach mass on the spring dissipative power. 
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Figure 3.22 : The effects of spring collapse force on its dissipative power. 
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Figure 3.23 : The magnitudes of the external rectangular impulses. 
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Figure 3.27: The effects of the magnitude of external triangular impulses. 
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Figure 3.28 : The effects of the slope of external ramp impulses. 
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Figure 4.4c : The phase plot of various interfaces for the model Gap3. 
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leading interface in this case has a iph4 spring; 
" The spring in interface 3 is also taken from cfyl but the gap is tuned to cfyl since 
the leading interface has a cfyl spring; 
" By mixing springs in the above model, no trailing interface would exert a load 
higher than its leading interface during an impact. 
Figure 5.21: The model of modified ipd4 and known as mod4. 
275 
3.5 
3 
2.5 
2 
1.5 
c1 
0.5 
0 
Figure 5.22 : The comparison of interface energy distribution for cfy 1, mod4 and ipd4. 
2 
U 
oý 
rte. -_ 
_, 
------------- 
E/r rr 
--- Interlace I 
Interlace 
-- Interlace 3 
-4 ` 0 0.1 0.2 0.3 0.4 0.5 
Time (sec) 
Figure 5.23: The force-time history of various interfaces in mod4. 
276 
123 
Interface No. 
5 
4 
cz 
.°2 
I 
I'asscngcr 
COllipaltiC»t 
Stillness = 7>MNrni 
Iincrgv dissipative capacity for this spring = 3.2MJ 
UL 
\/U 
0.5 1.0 
Deflection (m) 
Figure 6.1 : The spring characteristics of the model ip2.33. 
1.5 
4.0 
3.5 
3.0 
0 U 
1ý. 
C) 
T' 
2.0 
4 
1 
1 
a 
I Az 
Ideal line for other interfaces 
..... "........ Ideal line for üiter! ace I 
Interface 5 
\N-. - Interlace 4 
p-- - -7 Interface 3 
;3-- El Interface 2 
o- -0 Interface I 
" 
dEt, 
I. _, 01234 
Interface energy absorption (MJ) 
Figure 6.2 : Effect of yield force on interface energy distribution for models in the cfy 
series. 
277 
3.0 
2.5 
rph series 
iph scires 
-q i-psries 
p-- EI ip attics 
w 
U ?. 0 
2 
1.5 
0.03 \l. II 
Figure 6.3 : Effects of spring average force on couplers' breakaway time. 
............. Ideal line for other interface 
Ideal line for interface 1 
Interlace 5 
aý....... o Interface 4 
p- -q Interlace 3 
a -- -- ¬I Interface 2 
o- -0 Interface I 
Ia 
0.05 0.07 0.09 
Time to break away for interface 2 couplers, r, h 
(sec) 
15 
I) 
w l. 0 
R 
0.5 
0. 
ý11 
i 
/ ! 
E 
1 
i 
"F 
1 
k 
All springs (crush zones) 
yield al 1.6MN. I CL 
0 II 
Interface energy absorbed (MJ) 
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Figure 6.12: The projected nose heading a rake of Eurostar. 
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Figure 7.1 : The dummy initial sitting position. 
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Figure 7.2: The contact surface load curves between the dummy and various parts of 
the seat. 
285 
7.5 
s 4.5 
A 
0 
U 
1.5 
I\ 
I 
I 
1 
-1.5 0 0.1 0.2 0.3 0.4 0.5 
Time (sec) 
Figure 7.3: The C3 acceleration pulse used by MIRA. 
1.5 
Q 
1.0 
0 
U 
RS 
0.5 
A 
Ig constant until the end of analysis. 
ýr I 
tr 
Ir' t 
rr It t 
t ý 
r ýý --- 8msec rise time 
---- 4msec rise time 
rl -' 2msec rise time 
v 
0 0.02 0.04 0.06 
Time (sec) 
v. vo 
Figure 7.4 : The different rise time for gravity load curves. 
286 
PAMCRASH 
Figure 7.5a: Simulated animation at 135msec 
Figure 7.5b : Simulated animation at 200msec 
Figure 7.5c : Simulated animation at 240msec 
Figure 7.5d : Simulated animation at 290msec 
DYNA3D 
287 
0.2 
cn 0.1 
c 
--- seat's contact stiffness +10`7 
---- seat's contact stiffness -10% 
-- baseline case 
0 
Cy 
-0.2 
c.. ý 
-0.3 
-0.4 113 
04 
-0.5 
-0.6 0 
Ni 
0.5 1.0 1.5 2.0 
Relative x-displacement of dummy's head to the seats (m) 
Figure 7.6 : The head's trajectories of the models studying cushion stiffness. 
1000 
O 
N 
0 
'C7 
N 
J.. 
c E 
Q 
800 
--- seat's stiffness +10%7r 
--- seat's stiffness -10% 
--- baseline case 
-- sled test 
i. ` 
600 
4(X) 
2(X) 
of 
II 
I 
1/ 
1 II 
/11 
0` 
0 0.1 0.2 
Time (sec) 
0.3 0.4 
Figure 7.7 : The head's deceleration-time history of the models studying 
cushion stiffness. 
288 
250 
Z 
200 
c 
ou 
150 
a IM 
50 
c 
c c D 
n 
--- seat's stiffness +10'7 
--- seat's stiffness -1017( 
---- baseline case 
-- sled test 
/ 
r_s z 
v 
0 0.1 0.2 
Iý 
'I Iý 
'I Iý 
Iý /ý ý/ \ 
I, 11 , 
tPf' 
Time (sec) 
0.3 0.4 
Figure 7.8 : The head/neck moment-time history of the models studying cushion 
stiffness. 
6 
zý 
4 
U 
V 
C 
:J 
C 
C 
:J 
2 
0L 
0 
--- seat's stiffness +100% 
---- 
baseline 
stiffness -100% 
ýý -- aseline case 
Iai' 
0.1 0.2 
Time (sec) 
0.3 0.4 
Figure 7.9 : The leg contact force-time history of the models studying cushion 
stiffness. 
289 
0.2 
El 0 
"0 1ý5 
-0.2 
¢ý b 
U -0.4 
11 Al 
--------------- 
--- µm. 55 
---- µ-O. 35 
-- baseline case 
U 0.5 1.0 1.5 
Relative x-displacement of dummy's head to the seats (m) 
Figure 7.10 : The head's trajectories of the models studying contact 
friction. 
10(X) 
-- P---0,55 
--- µm. 35 
---- baseline case 
-- sled test 
8(x) 
600 
I 4(X) 
E 
2(X) 
is 
ýV r ý1 . º1 
I+ 
1/1 
0 0.1 0.2 
Time (sec) 
0.3 0.4 
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Figure 8.15 : Leg contact force-time history for models in the N-series. 
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Figure 8.25: Head acceleration-time history for models in the D-series. 
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Figure 8.26: Leg contact force-time history for models in the D-series. 
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Figure 8.27: Head/neck bending moment-time history for models in the D-series. 
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Figure 8.28: Head acceleration-time history for models in the F-series. 
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Figure 8.29: Head/neck bending moment-time history for models in 
the F-series. 
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Figure 8.30: Leg contact force-time history for models in the F-series. 
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Figure 8.31: Head acceleration-time history for models in the R-series. 
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Figure 8.32: Head/neck bending moment-time history for models in the R-series. 
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Figure 8.33 : Leg contact force-time history for models in the R-series. 
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Figure 8.34: Head acceleration-time history for models in the M-series. 
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Figure 8.35: Head/neck bending moment-time history for models in the M-series. 
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Figure 8.36: Leg contact force-time history for models in the M-series. 
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Figure 8.37: log (HIC) against log (Air) 
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Figure 8.38: log (HIC) against log (A. ) 
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Figure 8.39: log (HIC) against log (Avoip) for models in povlp. 
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Figure A. 1 : The geometry of tensile test specimens (all dimensions in mm). 
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Figure A. 2 : The True Stress against True Strain curves for three specimens tested. 
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Figure A. 3 : The Engineering Stress-Strain Curve for a tested specimen. 
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Figure A. 4 : The `plateau' during the early stage of plastic deformation, with a 
perfectly plastic line fitted as 19.2MN/m2. 
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Figure A. 5 : The geometry of crush specimens. 
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Figure A. 6 : The interpretation of mean post buckling load and energy absorbed 
from an experimental load-deflection graph. 
321 
nie 7a n ThicknPSC '1' 
EXTENSION 
1.2 
0.9 
-, IDE 0.6 
Equation A. 8 for n=2 
(Traveliing hinge theory) 
/PVC 
Polypropylene O 
b 
ABS 
HDPE ý.. 
Equation A. 7 for n=2 
(Stationary hinge theory) 
0.3 
A V 
0 0.02 0.04 0.06 0.08 0.10 
t/D 
Figure A. 7 : Experimental data for various polymeric tubes with n=2, with Johnson et. 
al. theoretical lines superimposed. 
0.4 Equation A. 8 for n=3 
(Travelling hinge theory) 
0.3 
0.2 
0.1 
0 
0° 
Equation A. 7 for n=3 
(Stationary hinge theory) 
1o I-IDPE tube experimental data 
oý 
0 0.02 0.04 0.06 
VD 
Figure A. 8: Experimental data for HDPE tubes with n=3, with Johnson et. al. 
theoretical lines superimposed. 
322 
0.4 
o HDPE tube experimental data 
0.3 
el- 0.2 
0.1 
0 
0.03 0.04 
VD 
0.05 
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recommended by Thornton and Magee [5]. 
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Figure A. 13 : Number of diamond lobes against t/D. 
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Figure B. 2 : The full true stress-true strain curve and its bi-linear simplified curve. 
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Figure B. 3 : The velocity load curve for the moving platen. 
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Figure B. 5 : The stress-strain curve used in the crushing of the conical PVC model. 
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Figure B. 6: The load-deflection results for the crushing of HDPE tubes with 
t/D=0.0651. 
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Figure B. 10 : The load-deflection results for the crushing of the conical PVC tube. 
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